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Introduction {#sec1}
============

Haddock (*Melanogrammus aeglefinus*) is a species of great ecological and economic importance that has supported a fishery in the North Sea for more than a hundred years ([@bib30]). Haddock stocks exhibit large natural fluctuations in abundance on both annual and decadal timescales ([@bib13], [@bib18]). The main hypotheses explaining such fluctuations, proposed over a century ago, are based on both survival success of the very early life stages and subsequent recruitment ([@bib17]). Specifically, Hjort proposed that the fate of year classes depended on a *critical period*, occurring at first feeding of the larvae, during which failure to find prey and to feed would result in high mortality, affecting the abundance of adults during the following years ([@bib17]). However, Hjort also proposed that year class success could depend on the dispersal of larvae, and on whether favorable or unfavorable transport of eggs and larvae occurs ([@bib17], [@bib18]). The meaning of favorable transport varies according to the species, as larvae of some species seek retention in their spawning area, whereas larvae of different species might be advantaged by transport to nursery areas, far from the spawning area. The idea behind Hjort\'s second hypothesis is that favorable currents, together with appropriate larval behavior, would increase the chances of retention in the nursery areas (or transport to nursery grounds), where the probability of survival is higher ([@bib18]). The main factor in such retention is the interaction between oceanographic conditions and biological mechanisms, such as larval orientation and swimming ([@bib26], [@bib27]). At mid-high latitutes, information on swimming and orientation behavior of early life stages of fish is available for only a very few species ([@bib10], [@bib9], [@bib11]) and there is no information at all for haddock larvae.

In Europe, the largest stocks of haddock are located in the Barents Sea (Northeast Atlantic stocks) ([@bib4]) and in the North Sea ([@bib7]). Haddock is demersal; juvenile habitat is associated with the continental shelf/slope and coastal areas ([@bib1]). In the North Sea, this species undertakes seasonal migrations between the spawning grounds located north-northwest and the more southern feeding areas ([@bib7], [@bib35]). The general circulation pattern of the North Sea results in a south-southeastward drift of haddock larvae, from the spawning areas toward the Skagerrak and the Norwegian trench ([@bib1], [@bib15]). Behavioral observations of haddock larvae have focused mainly on feeding ([@bib29]) and vertical migration during the dispersal phase ([@bib38]). However, little is known about the swimming behavior of haddock larvae at sea, and there is currently no information on whether they perform active and directional swimming or drift passively with the currents. Research on these aspects of haddock larval behavior is needed, as they would make an important contribution to our ability to model retention and dispersal of this species during the early-life stages.

Many late larval stage fish perform oriented swimming in response to/guided by a multiplicity of environmental cues. The larvae of coral reef and Mediterranean fish species use cues such as the sun ([@bib9], [@bib23]), sound of the reef ([@bib19], [@bib33]), polarized light ([@bib3]), and odors ([@bib14], [@bib26]) to orient. However, some of these cues might be patchy or unavailable in offshore and/or in deep waters. The only ubiquitous, steady, and directional cue, available at all times, is the Earth\'s magnetic field. The larvae of some coral reef fish have a magnetic field-based compass mechanism ([@bib5], [@bib25]) that they might use to reduce dispersal ([@bib5]). Similar abilities were reported in post-larval glass eels, which use a magnetic compass linked to an endogenous tidal clock to guide their swimming and orientation ([@bib6]). However, whether high-latitude fish such as haddock have magnetic orientation abilities at the larval stage is not known.

In this work, we explored the possibility that the pelagic larvae of haddock from the North Sea orient using the Earth\'s magnetic field. To test this hypothesis, we used a transparent drifting *in situ* chamber (DISC, [@bib28]) to observe the orientation of haddock larvae *in situ*. We also tested the orientation of haddock larvae while swimming in DISC when inside a magnetic laboratory facility (MagLab) in which the magnetic field could be manipulated in three dimensions.

Results {#sec2}
=======

When tested *in situ*, 91% of larvae (54 of the 59 tested) oriented significantly (Rayleigh test of uniformity applied to the track of each larva (Rayleigh\'s p \< 0.05; [Figure S1](#mmc1){ref-type="supplementary-material"}.3) swimming in the DISC at sea ([Figures 1](#fig1){ref-type="fig"}A and 1B). In the MagLab ([Figures 1](#fig1){ref-type="fig"}C and 1D), 99% of the larvae (101 of the 102 larvae tested) displayed significant orientation. The haddock larvae that oriented displayed the same mean orientation direction ([Figure S1](#mmc1){ref-type="supplementary-material"}.4) *in situ* and in the MagLab ([Figure 2](#fig2){ref-type="fig"}). Larvae significantly oriented toward the northwest *in situ* (N = 54; mean angle = 313°, magnetic declination = +1.1°, r = 0.26, p = 0.03; [Figure 2](#fig2){ref-type="fig"}) and oriented toward the same direction, the magnetic northwest, in the MagLab (N = 101; mean angle = 318°, magnetic declination = +1.1°, r = 0.34, p = 0.00001; [Figure 2](#fig2){ref-type="fig"}). The mean directions of the larvae swimming *in situ* and in laboratory conditions did not differ statistically (Mardia-Watson-Wheeler test p = 0.49).Figure 1DISC (Drifting *In Situ* Chamber), Magnetic Laboratory (MagLab), and Haddock Larvae (*Melanogrammus aeglefinus*) Used in the Experiments(A) Photograph of the DISC drifting at sea. The main underwater unit is composed of the chamber, the acrylic frame, the camera, and sets of sensors. In this study the arena has a diameter of 20 cm and is placed 30 cm above a GOPRO camera.(B) Example of an image from the upward-looking camera placed underneath the behavioral chamber of the DISC.(C) View of the electric coils setup in the MagLab designed to modify the magnetic field in three dimensions. A tank filled with seawater is present at the center of the coils. The same device used *in situ* (DISC) is placed at the center of the tank.(D) Example of an image from the upward-looking camera placed underneath the behavioral chamber of the DISC in the MagLab.(E) Photograph of larval haddock at 38 days post hatch (dph).(F) Zoomed-in view of the caudal fin of the larva at 38 dph.Figure 2Orientation of the Haddock Larvae (*Melanogrammus aeglefinus*) at Sea and in the Magnetic Laboratory (MagLab)Orientation is presented with respect to the magnetic north (N) and south (S). Each black point corresponds to the mean bearing of one haddock larva *in situ* (averaged over 600 data points from the video tracks, [Figure S1](#mmc1){ref-type="supplementary-material"}) (N = 54). Each navy blue data point is the mean bearing of one haddock larva in the magnetic laboratory (N = 101). During the experiments, the magnetic north in the laboratory was rotated for each larva (i.e., the magnetic north in the laboratory had a different direction for each of the blue data points). This figure displays the mean bearings of the larvae that showed an individual preferred orientation. The black arrow points toward the mean angle of all the individual bearings (mean bearing *in situ* = 313°, p = 0.03; mean bearing in the MagLab = 319°, p = 0.00001). Dashed gray lines are the 95% confidence intervals around the mean.

Discussion {#sec3}
==========

Haddock larvae exhibited significant orientation direction when swimming *in situ*, and the experiments conducted in the MagLab revealed that this is based on a magnetic compass mechanism. These results are consistent with earlier studies showing that fish larvae and adults of multiple species use the Earth\'s magnetic field to guide their movement. For example, salmon use magnetic cues, imprinted on first contact with saltwater, to find their home estuary later in life ([@bib20], [@bib31]). The magnetic compass of sockeye salmon smolts (*Oncorhynchus nerka*) depends on the availability of celestial cues ([@bib32]), indicating that these orientation mechanisms can be based on a complex combination of multiple cues. Magnetic orientation was also reported in adult European eel (*Anguilla anguilla*), which are able to detect spatial displacement and reorient using the magnetic field ([@bib8]). Similar abilities were documented in post-larval glass eel, which use a compass mechanism linked to the rhythm of the tide ([@bib6]). The pelagic larvae of the tropical reef fish, the four line cardinalfish (*Ostorhinchus doederleini*), use a magnetic compass mechanism to orient against the direction of the current that would otherwise transport them far from the reef ([@bib5]). For haddock larvae, the magnetic compass observed in this study could possibly serve a similar function, but on a larger spatial scale.

Haddock larvae develop caudal, anal, and dorsal fin rays and grow large pectoral fins, when they are 8--9 mm in length ([@bib2]) ([Figures 1](#fig1){ref-type="fig"}E and 1F), which greatly improves their swimming ability and maneuverability. Based on the locations at which larvae of different ages were distributed, it was estimated that they might swim at speeds ranging from 0.65 to 1 cm s^−1^ ([@bib21]). These swimming speeds, coupled with the orientation abilities observed here, could play a significant role in the dispersal and retention of haddock larvae in the North Sea. The inflow of saline Atlantic water from the north is the main factor driving the overall circulation pattern of the North Sea ([@bib34]). Atlantic water enters the region through two large branches. One shallower current flows along the eastern Shetlands, and the second deeper current enters the North Sea at the western boundary of the Norwegian trench ([@bib34]). This water mass defines the northern sub-region of the North Sea, where there is the highest diversity of fish species ([@bib16]). These areas also host the main spawning grounds of the North Sea haddock, located near the continental slope of North East Scotland and the Orkney and Shetland Isles ([@bib7], [@bib15]). In this context, haddock are hypothesized to be separated into two main sub-populations within the northern part of North Sea, a northwestern and a northeastern one ([@bib39]).

From these areas, the general circulation of the North Sea flows mainly southward with a branch expanding southeast toward the Skagerrak and the Norwegian deep ([@bib1], [@bib15], [@bib36]). These currents transport eggs, larvae, and juvenile haddock southeastward toward the Norwegian trench and the Skagerrak area ([@bib24], [@bib34]). As the larvae oriented toward the magnetic northwest, it is possible that the magnetic orientation direction observed in this study serves as an innate mechanism that limits the dispersal of haddock larvae toward the southeast (as would be the case if they drifted passively with the current). This orientation behavior could also play an important role at the western boundaries of the Norwegian trench, where a spawning area of North Sea haddock is located ([@bib24]). Here, the circulation differs from the rest of the North Sea as the current flows to the north ([@bib34]) in the form a narrow jet of less saline water coming from the Baltic, known as the Norwegian Coastal Current ([@bib22]). This current flows along the western coast of Norway and exits the basin following the Norwegian coast up to the Barents Sea. Magnetic orientation to the northwest could help haddock larvae to exit the western boundary of the Norwegian trench, where larvae would drift north and possibly disperse out of the basin. This possibility is further supported by simulations of larval dispersal showing that orientation behavior significantly affects dispersal at the boundaries of the Norwegian current ([@bib12], [@bib37]).

Although haddock undertake migrations from the feeding to the spawning grounds, the distance that they cover during their life cycle is still fairly limited compared with other pelagic fish (e.g., herring) ([@bib7]). Thus, behavioral mechanisms such as magnetic-based orientation during the early life stages might play a role in the distribution of this species, as this would help retention in the northern area of the North Sea where this species is most abundant ([@bib1]). However, the orientation direction of haddock larvae could vary depending on the stocks and local populations. It is possible that populations from different areas of the North Atlantic display different magnetic orientation directions. Indeed, haddock may adapt to local oceanographic conditions, as orientation to the northwest could be beneficial in the North Sea, but this might not be the case for haddock from other regions. These scenarios should be explored experimentally in future work by testing the orientation behavior of haddock from different areas and stocks. Moreover, the role of orientation behavior during the dispersal phase should also be tested using biophysical modeling that incorporates the swimming and orientation behavior.

As adult haddock in the Norwegian Deep and other areas of the North Sea undertake spawning migrations ([@bib1]), a magnetic-compass-based orientation could be important in the journey toward the spawning areas and back. Whether haddock conserve a compass-based magnetic orientation from the larval stage through adulthood is unknown. Future work will investigate whether adult haddock display the same abilities as larvae.

Limitations of the Study {#sec3.1}
------------------------

In the present study, the orientation behavior was not compared between different populations of haddock. The behavior described here might vary according to the different populations and geographical areas. Furthermore, we used the age of the larvae and the temperature at which they were reared as an indirect indicator of larval growth. However, we did not record larval length, which is a more direct measure of larval growth.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S4, and Tables S1 and S2Table S3. Mean Direction and r Values from the Rayleigh\'s Test Applied on the Video Track of Each Haddock Larva (*Melanogrammus aeglefinus*), Related to Figure 2The experimental group is also reported (*in situ*/MagLab).
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